Abstract-Concentric annular type dual element transducers for second harmonic imaging at 20 MHz / 40 MHz were designed and fabricated to improve spatial resolution and depth of penetration for ophthalmic imaging applications. The outer ring element was designed to transmit the 20 MHz signal and the inner circular element was designed to receive the 40 MHz second harmonic signal. Lithium niobate (LiNbO 3 ), with its low dielectric constant, was used as the piezoelectric material to achieve good electrical impedance matching. Double matching layers and conductive backing were used and optimized by KLM modeling to achieve high sensitivity and wide bandwidth for harmonic imaging and superior time-domain characteristics. Prototype transducers were fabricated and evaluated quantitatively and clinically. The average measured center frequency for the transmit ring element was 21 MHz and the one-way -3 dB bandwidth was greater than 50%. The 40 MHz receive element functioned at 31 MHz center frequency with acceptable bandwidth to receive attenuated and frequency downshifted harmonic signal. The lateral beam profile for the 20 MHz ring elements at the focus matched the Field II simulated results well, and the effect of outer ring diameter was also examined. Images of a posterior segment of an excised pig eye and a choroidal nevus of human eye were obtained both for single element and dual element transducers and compared to demonstrate the advantages of dual element harmonic imaging.
I. Introduction T issue harmonic imaging has been accepted as one of standard imaging modalities in many applications since its introduction to medical ultrasound imaging in the 1990s [1] . Especially in cardiac and abdominal studies, tissue harmonic imaging is very often used for diagnostics along with fundamental imaging. by utilizing the second harmonic component of the receive signal, images can be improved by reducing near field reverberation, decreasing phase aberration error, and improving border delineation [1] . recently, harmonic imaging has been used in ophthalmic [2] , urologic [3] , and intravascular ultrasound (IVUs) [4] imaging studies. a variety of specially designed transducers dedicated to harmonic imaging have been reported recently. a lithium niobate (linbo 3 ) plate transducer with a local ferroelectric inversion layer produced by titanium diffusion and heat treatment was proposed for 50 mHz transmit and 100 mHz receive harmonic imaging [5] . a multilayer transducer with a PZT layer used for transmission and a PVdF layer used for reception was reported for bladder volume assessment [3] . an oval shape PZT transducer with additional passive mismatching layers for intravascular ultrasound (IVUs) was also reported for 20 mHz/40 mHz harmonic imaging [4] .
ophthalmic imaging can be separated into two categories: anterior segment imaging and posterior segment imaging. currently available commercial ultrasonic biomicroscopy (Ubm) systems use 35 to 50 mHz transducers for anterior segment imaging [6] , whereas 10 to 20 mHz transducers are used for imaging the posterior segment. Imaging of the posterior segment shows a greater need for improved spatial resolution and depth of penetration for proper diagnosis of retinal disease, such as age related macular degeneration, detached retina, and diabetic retinopathy [2] .
recently, broadband lithium niobate single element transducers operating at about 20 mHz have been used for imaging the posterior segment of the eye [7] , but were limited due to the spatial resolution at that frequency. as an alternative to fundamental imaging, harmonic imaging was also examined [2] . Unfortunately, transducers operating at 20 mHz may not provide the spatial resolution needed to adequately delineate layers on the posterior segment of the human eye, and, on the contrary, those operating in the higher frequency range do not provide sufficient depth of penetration. In this study, we propose to resolve this problem by creating a concentric annular type dual element transducer for second harmonic imaging of the posterior segment of the eye. The outer ring element is used for transmit and the inner circular element for receive. a ring-shaped outer element produces higher sidelobes than does a circular element of the same diameter, but this is to some degree compensated for by the inherently lower sidelobes in the harmonic compared with the fundamental [8] .
multiple 
II. design and Fabrication
A. Design a concentric annular type dual element structure was chosen to satisfy the need to have two separate transducers in one housing. Those two elements should have identical beam axis and focal point to obtain echoes from the same image plane while functioning at different frequencies. The transducer also should have two separate connectors since their use is dedicated for transmit and receive respectively. Fig. 1(a) shows that the outer ring element and the inner circular element were placed in a brass housing and have separate connectors. The outer ring element was designed to transmit a 20 mHz signal and the inner circular element was designed to receive the second harmonic signal at 40 mHz. Fig. 1(b) is the cross-sectional drawing of this transducer. The outer diameter of the transmit ring element was set to be 10.0 mm or 12.0 mm (see options 1 and 2 in Table I ). The inner diameter was 5.4 mm. The center was filled by the 5.0-mm-diameter receive element.
Klm modeling software (Piezocad, sonic concepts, Woodinville, Wa) was used to determine the aperture size, and the proper thicknesses of the lithium niobate, inner silver epoxy matching layer, and parylene outer matching layer. a more detailed description of the materials used in the design can be found in [9] . The diameter of each element was chosen to match its electrical impedance at the given frequency to 50 Ω. as described by cannata et al. [9] , lithium niobate is a good material to use in large-aperture high frequency transducer designs since it has a low relative clamped dielectric constant (ε 33 S /ε 0 ) of 39, a high longitudinal sound speed (c l ) of 7340 m/s, and a comparable thickness mode electromechanical coupling coefficient (k t ) of 0.49 to PZT-5H. The radius of curvature for both transmit and receive elements was set to 30 mm to place the focal point at the retina in immersion mode scanning.
The thicknesses of the lithium niobate layer and the first matching layer of the transmit element were optimized for 20 mHz and those of the receive element for 40 mHz. The thickness of the second matching layer was chosen to be intermediate to the ideal calculated for 20 mHz and 40 mHz (see option 1 in Table I ), since the same layer thickness would be applied to both the inner element and outer ring to ease construction. The thickness of parylene optimized at 40 mHz (see option 2 in Table  I ) was also investigated to improve the performance of the receive element. Table I shows the summary of design parameters.
B. Fabrication
Two 36° rotated y-cut lithium niobate plates (boston Piezo-optics, bellingham, ma) with thickness of 500 μm each were prepared, one for the 20 mHz transmit and the other for the 40 mHz receive element. lithium niobate plates were lapped to the designed thicknesses, 150 μm for 20 mHz and 77 μm for 40 mHz, and electroplated with a 1500 Å chrome/gold (cr/au) layer on both sides by an nsc-3000 automatic sputter coater (nano-master, austin, Tx). The silver epoxy inner matching layer, made from a mixture of Insulcast 501 epoxy (american safety n/a n/a n/a n/a m/l: matching layer. numerical values in table are layer thicknesses, given in micrometers. a Insulcast 501 + 2-3 μm silver particles. b E-solder 3022 (centrifuged).
Technologies, roseland, nJ) and 2 to 3 μm silver particles (aldrich chemical co., milwaukee, WI) with the weight ratio of 2.5 to 6, was cast over the lithium niobate plates after applying an adhesion promoter (chemlok aP-131, lord corp., Erie, Pa). The epoxy was then centrifuged at 3000 rpm for 10 min. after curing, the matching layers were lapped down to the desired thickness. The lapped piezo/first matching stack plates were mechanically diced into square pieces with the size that would encompass a ring or a circular element. a conductive silver epoxy (Esolder 3022, Von roll Isola Inc., new Haven, cT) backing layer was then cast and centrifuged onto the back side of the electroplated pieces of lithium niobate. after curing, the backed/matched pieces of lithium niobate were carefully drilled to the desired inner diameter of the ring and turned down to the outer diameter of the ring on a lathe to create the 20 mHz transmit element. The 40 mHz inner circular element was also turned down to the proper diameter. a protective piece of machinable ceramic was waxed to the top of the stack to reduce chipping during the drilling and turning down stages. a thin brass cylinder was fabricated and placed between the transmit and receive elements to provide rF shielding. machined transmit and receive acoustic stacks were placed in the brass housing concentrically, and the gaps between stacks were filled in by an insulating epoxy (Epo-Tek 301, Epoxy Technologies, billerica, ma). Press-focusing was used to generate a mechanical focus at 30 mm for both transmit and receive elements [9] . The transducer surface was sputtered with cr/au electrodes to make ground connection between the elements and the brass housing. The outer parylene layer was then deposited using a Pds 2010 labcoater (scs, Indianapolis, In). The finished transducer elements were connected by 2 separate sma connectors, one for transmit and the other for receive.
In addition, 20 mHz single element transducers of the same total diameter and similar acoustic characteristics as the transmit ring element were fabricated for comparison.
III. Transducer Performance
The transmit and receive elements were characterized by a one-way sound field measurement with a hydrophone, two-way pulse-echo test with a soft target for harmonic generation, and a schlieren image test for visualizing the beam profile [10] . The transmit sound field data for dual element transducers were compared with those of single element transducers to determine the effect of the ring shape. round-trip lateral beam profiles of dual element transducers with harmonic imaging were simulated and compared with fundamental imaging using single element transducers.
The transmit beam of the 20 mHz outer ring element at the focal point was measured with a needle hydrophone (HGl-0085, onda corp., sunnyvale, ca). In this measurement, an ultrasonic analyzer (5900Pr, Panametrics Inc., Waltham, ma) was used to excite the transducers, and a digital oscilloscope (lc534, lecroy corp., chestnut ridge, ny) was used to record the waveform acquired by the hydrophone. The measurement was performed in a degassed/deionized water tank. after the hydrophone was aligned to be perpendicular to the beam axis of a transducer, the maximum peak-to-peak voltage point along the beam axis was located. The time-domain waveform at the maximum peak-to-peak voltage point was recorded and its spectrum was calculated. Fig. 2 shows the measured results for the 20 mHz transmit element. Its -3 db center frequency is 21.0 mHz and -3 db fractional bandwidth is 56%.
The receive characteristic of the 40 mHz inner circular element was measured by utilizing a separate source transducer. special test settings were configured to check if the receive element had proper center frequency and bandwidth to receive the second harmonic signal centered at 40 mHz. a 40 mHz single element transducer (diameter = 4 mm, focus = 12 mm) was used as a source, and the receive element as a receiver. The distance between source and receiver for this measurement was determined by the sum of focal distances from each transducer. The focused beam at 12 mm from the source travels 30 mm to reach the surface of receiver. Therefore, a comparison of the spectra acquired by the hydrophone and the receive element would yield the receive characteristic of the receive element. However, with the hydrophone, it was difficult to acquire enough signal strength at that distance (42 mm) since the beam diverges significantly after the focal point.
Instead, the beam was measured with the hydrophone placed at the focal point of 12 mm, as shown in Fig. 3(a) . Its spectrum was calculated, and the attenuation of water (2.2 × 10 −3 db/cm/mHz 2 ) [11] was taken into account to approximate the signal spectrum incident to the surface of the receive element. Fig. 3(b) shows the spectrum of Fig. 3(a) (at z = 12 mm), the attenuation curve vs. frequency in the water at the distance of 30 mm (attenuation), and the attenuated spectrum at the surface of the receive element, z = 42 mm (at z = 42 mm). The waveform acquired by the receive element at 42 mm is shown in Fig. 4(a) , and its spectrum is shown as a solid line in Fig. 4(b) . also shown in Fig. 4(b) , as a dotted line, is the attenuated spectrum at the surface of the receive element, shown earlier in Fig. 3(b) . The spectrum of the received signal is centered at 30.5 mHz. comparing the input (a dotted line) and the output (a solid line) of the receive element, we can say that the receive element has an acceptable bandwidth to pass spectral components centered at approximately 30 mHz. This frequency characteristic of the receive element allows extracting the second harmonic signal with maximum achievable signal-to-noise ratio by a digital bandpass filter. although the −3 db frequencies in the one-way spectrum of the receive element are approximately 20 mHz and 43 mHz, the receive signal in the range between 25 mHz and 45 mHz is mainly amplified, as shown in Fig. 4(b) . Therefore, we designed a 33-tap FIr bandpass filter with cutoff frequencies of 25 mHz and 45 mHz, which was used to produce harmonic images for clinical evaluation. Fig. 5 and Fig. 6 demonstrate the advantage of dual element structure over single element for second harmonic imaging. The pulse-echo test data for the dual element transducer show a clearly identified second harmonic component which is not visible with the single element transducer. a soft silicone rubber target was used to generate harmonic components. When the silicone rubber target was used, a higher voltage could be applied for the transmit signal than when the quartz target was used. The echo signal was easily saturated from the quartz target since it has a stronger reflection than the silicone rubber. Therefore, the higher transmit voltage with the silicone rubber target resulted in the increased nonlinearity of the echo since the level of the second harmonic component (the degree of nonlinearity in tissue harmonic imaging) is proportional to the mechanical index (mI) [1] . The mI is de- where p r.3 (z sp ) is the peak rarefactional pressure in mPa derated by 0.3 db/cm-mHz to the point on the beam axis, z sp , where the pulse intensity integral is maximum; f c is the center frequency in mHz [12] ; and the mI is directly proportional to the transmit voltage. Fig. 5 shows a pulse-echo signal and its spectrum obtained by transmitting and receiving with a 20 mHz outer ring element only. The spectrum has a center frequency of 15.6 mHz and a very low second harmonic component because of an insufficient bandwidth of the transducer for the second harmonic imaging. Fig. 6 shows a pulse-echo signal and its spectrum obtained by transmitting with the 20 mHz outer ring element and receiving with 40 mHz inner circular element. In the spectrum obtained with the dual element transducer in Fig. 6(b) , the magnitude of the second harmonic component centered at 30.5 mHz is 7 db lower than that of the fundamental component. These results demonstrate that the dual element transducer is capable of efficiently receiving the second harmonic component and thus improving image quality due to its adequate sensitivity and bandwidth. To evaluate the transmit sidelobe level of the 20 mHz ring element, its lateral beam profile was also measured by a needle hydrophone at its focal point and compared with that of a full-aperture 20 mHz single element transducer. as shown in Fig. 7 , the sidelobe level for the ring element is higher than that of the full-aperture single element transducer. measured results were also compared with the simulated lateral beam profiles generated by Field II [13] . as evident in the figure, the simulated and measured results are fairly well matched. The sidelobe level of the dual element transducer measured at x = 0.33 mm was −9.6 db, whereas that of the single element transducer was −14.7 db. Fig. 8 shows the effect of outer ring diameter on the lateral beam pattern. by increasing the outer diameter from 10 mm to 12 mm, the mainlobe energy was increased and the sidelobe level was reduced significantly. although the transmit element was ring shaped and the increased sidelobe level was anticipated, harmonic imaging led to a reduction of the sidelobe level and resulted in comparable improvement in lateral resolution [8] .
schlieren imaging is a more efficient tool for visualizing the sound field [10] . multiple images were obtained with a high frequency schlieren imaging system (optison beam analyzer -High Frequency option, onda corp., sunnyvale, ca). From the transmit beam patterns of circular and ring shape transducers at the focus shown in Fig. 9 , which is an uncompressed 256 gray-scale image, it is clearly seen that the ring shape transducers generate higher sidelobe levels than circular shape transducers. This result correlates well with the previous evaluation for the lateral beam profiles obtained with the hydrophone measurement and Field II simulation.
IV. clinical Evaluation
The performance of the dual element transducer was evaluated with images of the posterior segment of the excised pig eye. The excised pig eye was cut in half to remove the anterior segment, and only the posterior segment was placed in the water tank. The Panametrics 5900Pr was used to excite the 20 mHz ring element and the lc534 digital oscilloscope was used to record the echo signals received by the 40 mHz circular element obtained by sam- pling at 500 mHz. To acquire 400 scan lines for harmonic imaging, a stepper motor repeatedly translated the dual element transducer by 25 μm along the horizontal direction. For the comparison, another 400 scan lines were also acquired with a 20 mHz single element transducer in the same manner. The 2 sets of scan lines were used to form a harmonic and a fundamental image, respectively. Fig. 10 shows images of the posterior wall of the pig eye, covering an area of 3.0 mm × 1.5 mm in the vicinity of the focal depth of 30 mm. From Fig. 10 , it is clearly evident that a harmonic image produced by the dual element transducer (b) has better spatial resolution and better border delin- eation capability than a fundamental image by the single element transducer (a). a study of in vivo human eyes was also performed with a custom-built imaging system [7] , [14] . This study adhered to the tenets of the declaration of Helsinki and was approved by the Institutional review board of the Weill cornell medical college. Fig. 11 shows the images of a choroidal nevus. The slo image [ Fig. 11(a), upper left] shows the retinal vasculature and a dark, disrupted, and roughly round area toward the left of the image. The ocT c-scan (upper right) is, like the slo image, an en face representation, but, in this case, of a plane cutting through the retinal pigment epithelium, which is highly reflective and represented in red in the color-scale ocT images. The peninsular appearance of the region in the c-scan indicates that it is an elevated lesion. The ocT b-scan [ Fig. 11(a) , bottom] is in the plane of the horizontal red line drawn through the slo image and is 1.5 mm in depth. It shows the retinal layers, including the pigment epithelium (red) overlying the lesion. The lesion itself is seen only as an elevation of the retinal contour, due to absorption of light by pigment. The macula is seen as a small dip to the right of the tumor. Fig. 11(b) and (c) show the appearance of the lesion on the b-scan with a single element 20 mHz transducer by fundamental imaging (b) and the dual element transducer by harmonic imaging (c). The image, which is 6.3 mm in depth, was constructed from rF echo data acquired at a 250 mHz sample rate. We can observe greater shadowing by the lesion (thin arrow) and the improved depiction of the overlying retina and sclera border (thick arrow) in the harmonic image. The optic nerve (on) cup is more clearly depicted in the harmonic image as well. V. conclusion concentric annular type 20 mHz/40 mHz dual element transducers for high frequency ophthalmic imaging were designed, fabricated, and evaluated. The concentric type dual element structure packaged in a single housing worked well as a dedicated harmonic imaging transducer. although the ring shape of the transmit element generated increased sidelobe levels, this shortcoming was more than sufficiently compensated for by the advantage of harmonic imaging in suppressing sidelobes to achieve an improved lateral resolution.
Harmonic imaging with 20 mHz transmit and 40 mHz receive showed capability superior to that of fundamental imaging at 20 mHz to diagnose the retinal disease at the posterior segment of the eye. The center frequencies of transmit and receive elements of dual element transducers can be further optimized to match the designed center frequencies to support a larger dynamic range. The aperture size of transmit and receive elements can also be optimized with further experimentation to achieve the best combination of transmit and receive efficiency. 
